X-ray diraction topography is one of basic diagnostics tools serving for visualisation of single crystal lattice defects. Defects of various kinds can be observed. The present study is a review of topographic results obtained in the X-ray laboratory of the Institute of Experimental Physics, University of Warsaw, for three families of single crystals grown by the Czochralski method: (i) silicon (Si) and Si1−xGex, (ii) selected binary REVO4 oxides and (iii) selected ternary ABCO4 oxides. The eect of chemical composition, growth conditions and post growth thermal annealing on the defect appearing in crystals is discussed. Various defects are revealed: the growth dislocations (some early Si crystals), the composition-gradient-induced lattice deformation (Si1−xGex, solid solutions CaxSr1−xNdAlO4), defects generated in Si after the post growth thermal processes, oriented elongated rod-like macro-defects tending to form networks within the crystal core, cellular structure in the outer shell (SrLaGaO4), and variously developed block structure (in selected binary REVO4 crystals).
Introduction
Single crystals grown by the Czochralski method have been used in electronic technology for a long time. Successful applications require large crystals of a good crystallographic perfection.
This requirement caused the development of the diagnostic methods, such as X-ray diraction topography, which enabled to detect and characterize diverse crystal lattice defects for a large variety of Czochralski-grown crystals.
In X-ray diraction topography, the intensity of the X-ray beam, diracted by a given family of crystal lattice planes, according to the Bragg law 2d hkl sin θ B = nλ, is registered on a photographic plate as a two-dimensional map of the crystal. Analysis of the crystal image provides information on the real structure of the studied crystal.
Signicant development of X-ray topography has been done by A.R. Lang, who has worked out the section topography and (later) the projection topography techniques [14] . The latter gives the possibility of recording the images of large crystal samples due to translation of the crystal and lm against the primary beam, as it is schematically shown in Fig. 1a .
The section topograph is obtained by setting a given family of crystal lattice planes hkl at the Bragg angle θ B (for K α1 line of characteristic radiation) to the incoming X-ray beam. The beam is collimated by a slit S 1 and S 2 (Fig. 1a) . The slit S 2 is very narrow (about 2030 µm), which reduces the divergence of the beam to a smaller value than the dierence between θ B K α1 and θ B K α2 . * corresponding author; e-mail:
agnieszka.malinowska@itme.edu.pl S1, S2 slits.
(b) Scheme of diraction contrast formation in section topographs (schematically, in one diraction plane). R h diracted beam; R0 refracted beam; ABC Borrmann triangle; D dislocation; F photographic plate; 1 direct image; 2 dynamical image; 3 intermediary image. According to [5] .
As a result only the K α1 line is diracted by a crystal.
The direct beam is eliminated by a stop screen, located behind the crystal. The diracted beam is registered on a photographic plate (Fig. 1a) .
The angular range of diraction (for monochromatic, parallel incident wave and an ideal crystal structure)
is limited to a few arc seconds. In a real crystal where the lattice planes are locally deformed or the distance d hkl varies, and as a result their inclination to the primary beam is slightly dierent as compared to domains of high structural perfection the intensity of the diracted beam is changed. In the topograph this change is observed as diraction contrast. These changes of diracted beam intensity recorded on a photographic plate form the topogram, which is a map of diracted beam intensity forming an image of the reecting crystal. The degree of blackening depends on the I h
361 value: if the diracted beam intensity I h is lower than I P h (diracted beam intensity for ideal crystal part) the observed contrast is brighter or white, if it is greater the contrast is darker or black.
The X-ray beam collimated by slits represents a spherical wave. Propagation of wave elds (according to the dynamical theory of the X-ray diraction for spherical waves [68] ) is conned to the Borrmann triangle (ABC in Fig. 1b) . The interference of wave elds results in maxima and minima of diracted wave intensity, and in a topograph one can observe so called Kato fringes.
When a defect appears in the Borrmann triangle, it disturbs the propagation of the wave elds and modies their intensity. This results in changes of the lm blackening and in the disturbance of the Kato fringe pattern, even at a relatively long distance from the defect.
The projection topograph, obtained by translation (see Fig. 1a ) of the crystal and the lm against the primary beam, gives a possibility to register the beam diracted by a large sample. In the projection topographs, the registered intensity is integrated over the Borrmann triangle base. The ne interference structure of the diraction image of defects is not always observed in projection topographs.
The diraction contrast, caused by an isolated defect, has its origin in interaction of X-ray wave elds propagated in the crystal with distortion eld of the defect. As a result of such interaction, the diracted wave intensity can be modied, due to: The dynamic image is formed when wave elds pass through the region of small gradient of crystal lattice distortion. The directions of wave elds propagation are changed, the paths are curved, and in consequence the intensities of diracted waves at the crystal exit surface are changed (Fig. 1b) .
The interaction of wave elds with the deformation eld of high strain gradient (at the dislocation core) leads to decoupling of wave elds and creation of new ones at point P, which is the apex of small Borrmann triangle PB 1 C 1 (Fig. 1b ). This phenomenon is described as interbranch scattering. Interference of the newly created elds with the normal ones results in periodic changes of diracted wave intensity what corresponds to intermediary image (point 2 on the lm in Fig. 1b) , superimposed on whole diraction image of the defect.
Two phenomena: the curvature of wave elds paths and transmission of the energy of wave elds to the newly created elds by inter-branch scattering result in diminishing the amplitude of the diracted wave at the crystal exit surface (point 3 in Fig. 1b) . It can be said that the defect casts a shadow [9] . The image of a defect, observed on section topographs depends on:
properties of the primary beam (wavelength, divergence), diraction conditions (geometry of diraction, reection used), properties of the defect (as for instance a dislocation) and its orientation with respect to the reecting plane and crystal surface, and its position in the crystal in depth and with respect to primary and diracted beams (R 0 and R h in the Borrmann triangle, Fig. 1b ).
Interpretation of diraction contrast, observed in topographs, can be done on the basis of dynamical theories of X-ray diraction in deformed crystals developed by
Penning and Polder [12, 13] and Kato [8, 1416] . (Fig. 2a) . It allowed to make a choice of place of low dislocation density. After [20] .
Curvilinear dislocations were observed in CzSi sample of (112) surface, cut out near the seed part of the crys- (Fig. 8a,b,c) show mainly the periodic quasi--circular changes of contrasts, due to non-uniform distribution of Ge atoms in crystal lattice striations [23] .
The striations are seen in the sample region surrounding the central core region. The contrasts arise as a consequence of lattice parameter changes, related to non--uniform germanium distribution. The observed changes have been conrmed by precise lattice parameter measurement with the Bond method.
The section topographs, reveal the contrasts, due to striations, too (Fig. 8e,f ) . In topographs, taken for crystal B in two places (arrows in Fig. 8b 
The Czochralski grown oxide materials
The Czochralski technique is also a suitable method for growth and production of bulk oxide crystals, which are important materials for applications as elements of electronic and optical devices and suitable substrate for deposition on various thin lms. The crystals may contain various growth defects such as growth striations, dislocations, inclusions, precipitations or block structures. All these defects could limit considerably possible applications of the crystals. Thus, understanding of mechanisms of crystal lattice defects formation is very important for technology [24] .
We present some results of X-ray Lang topographic investigations of selected oxide materials of a tetragonal structure to show variety of observed growth defects in these crystals. It is worth noting that the occurrence of a particular defect structure depends not only on chemical composition, kinds of dopants and level of doping, but also on the growth conditions, such as the crystallization direction, an atmosphere in a growth chamber and a stage of crystallization process [24, 25] . The studies show that X-ray topographic methods very sensitive to the crystal lattice deformation are suitable technique to reveal and identication of crystal lattice defects also in these materials. [25] . For such crystals, neither inclusions nor dislocations were observed by X-ray topography. Only growth striations and a double core were revealed (Fig. 9 ), probably connected with the growth on (101) and (101) facets [26] .
The growth in [001] direction with the at (001) interface more attractive for the possible application was more dicult and was only possible at an oxygen content in nitrogen atmosphere not lower than 4 × 10 −3 at.%.
The obtained crystals were characterized by a high defect density. The defects observed for such crystals have been attributed to local growth surface instabilities [25] . • The central core region, which is more perfect, is very well separated from the outer part of the sample.
• The tendency of enlarging of the core region in the end part of the crystal is observed.
• For the crystals grown in N 2 atmosphere with 1.7 × 10 • For the crystals grown in N 2 atmosphere with 7.5 × 10 or 010 directions (the end part of the crystal) (marked by C in Fig. 10d,e) are observed in the outer region [2729] . They are related to the faceted growth which probably occurs at the end of the growth process and results in cellular structure of the crystal; the beginning of interface uctuations and cellular growth seems to take place at the core edge, where growth on (001) plane switches to growth on {103} planes [25, 28] . The optical transmission microscopy investigations reveal also some dendritic forms, which often coexist with the cellular structure.
• Characteristic network of linear diraction contrasts, arranged in rows along the 100 and 110
directions, was detected in the core region of the all samples (marked by E in Fig. 10) ; the kind of regularity of these contrasts is notably well seen in the samples cut out from the end parts of the crystals (Fig. 10b,d ). The X-ray topographic and (Fig. 11a,b) . Density of the fringes are dierent in both crystals. Detailed studies of the lattice deformation associated with the segregation fringes were performed by means of synchrotron topography and is presented in [33, 36] . (010) and (011) lattice planes with the sample surface. After [36, 37] .
Apart from striations, the topographs revealed a sig- single crystals reveal several regions with dierent blackening corresponding to the blocks with dierent inclination to the sample surface and set not exactly in reecting position (marked by B in Figs. 12 and 13) . For YVO 4 , no signicant dierences between the samples cut out from various regions of the crystals were observed (Fig. 12 ) [38, 39] . It was indicated, however, that in the GdVO 4 the block structure is much more developed in samples cut out from the end part of the crystal than that from the near seed part (Fig. 13ad) .
The GdVO 4 containing thulium at a relatively high concentration level (4%) is an exception the mosaic structure is practically absent in the end part (Fig. 13e,f ) [40] .
The topographs of this crystal revealed the highest quality among all studied REVO 4 materials. The most developed mosaic block structure seems to be observed in (Figs. 12, 13) . 
CzSi subjected to thermal oxidation
The Czochralski grown dislocation-free silicon crystals subjected to thermal oxidation was studied in [42] . Investigated samples were cut out perpendicularly to the 3.2. CzSi subjected to high temperature (HT) and high pressure (HP) treatment
The systematic studies of defects generated by simultaneous applying the high temperature and high pressure annealing in dislocation free CzSi, were performed in [43, 44] . The as grown crystals with various oxygen The CzSi crystals, after high temperature-high pressure treatment contained quasi-spherical defects (Fig. 15) , giving characteristic two-lobe contrast (divided by line of no contrast) having its source in the stress related to the second-phase precipitates [45, 46] . The line of no contrast is perpendicular to the diraction vector g for spherical inclusions, but in the case of non--spherical precipitates, this condition is not fullled. The contrast, observed in the topograph taken with MoK α1 radiation for a sample of 300 µm thick (µd = 0.4), is black (Fig. 15a,b) ; in topograph, obtained with CuK α1 radiation (µd = 10) the contrast consists of one black and one white lobe (Fig. 15c,d ). The sign of the stress (corresponding to the compressive or tensile state) can be deduced from sequence of the white-black contrast in respect to the direction of diraction vector g [45, 46] .
In the crystals, subjected to high pressure and the highest temperatures employed (10001200 • C), other defects dislocations, besides the precipitates were observed. Some of them were generated at the sample surface; one set of dislocations was formed at the internal source of shear stress (marked by S in Fig. 16 ). Dierent dis- ing the white part inside (Fig. 18b) . The most frequent are two-lobe contrasts, the source of which is the lattice deformation around the precipitates of the silicon oxide phase. For spherical precipitates the no-contrast line is perpendicular to the diraction vector g. The density of spot-like contrasts decreases with increasing of annealing time, whereas the mean contrast diameter increases.
The shapes of spot-like contrasts, related to precipitates, are clearly seen in section topographs of samples A, B and C (Fig. 18e,f,g ).
In the sample C, annealed at 1423 K during 10 h, long curved dislocations were observed (Fig. 18 c, d ). Some of them seem to be anchored at their ends to precipitates they probably outcrop to the surface close to the precipitate. Such dislocations were well seen in the section topograph (Fig. 18g ).
Summary
The conventional X-ray diraction topography is a method suitable for revealing and characterization of crystal lattice defects, due to its sensitivity to the deformation of lattice planes. In the present study, the to- • the growth dislocations in some of the early silicon crystals,
• the striations related to the some segregation eects in Si 1−x Ge x and solid solutions Ca x Sr 1−x NdAlO 4 ,
• defects generated in silicon crystals during the post growth technological processes,
• cellular structure in the outer shell and the charac- 
